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LiBC - A prevented superconductor 
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We have investigated the lattice dynamics of LiBC. Experimental Raman and inelastic neutron 
scattering results are confronted with density functional calculations. The excellent agreement be- 
tween experiment and theory indicates that we have attained a high level of understanding for LiBC, 
which by its structure is closely related to superconducting MgB2. We will show that annealing of 
the sample is insufficient to cause Li deficiency and thus produce the expected superconductivity. 

PACS numbers: 74.25.kc,63.20.kr,78.70.Nx,71.20.Lp 



The simple binary compound MgB2 has attracted con- 
siderable attention because of its exceptional supercon- 
ducting properties. A strong coupling of the electronic 
system to high-frequency boron in-plane phonon modes 
meets the BCS requirements for a transition temperature 
as high as 40 K 0, ■ A most prominent experimental 
manifestation of this coupling is the extreme broadening 
of the mode in the Raman spectrum 0, 0]- Very 
recently theoretical speculations of transition tempera- 
tures as high as 120 K i.e. largely exceeding those of 
MgB2, have been published for LiBC compounds with 
Li deficiencies in the range of 25% 4]. With respect 
to structural peculiarities LiBC provides a comparable 
system to MgB2. B and C atoms alternately occupy 
the sites within the hexagonal sheets. Charge neutral- 
ity is restored by replacing Mg"*"^ by Li"*". A doubling 
of the unit cell along the hexagonal axis occurs due to 
an interchange of B and C atom positions in neighbor- 
ing planes 0. So far no convincing experimental evidence 
for superconductivity could be established 0, Q • In this 
context, it is most interesting to investigate the lattice 
dynamics of this particular compound and to compare it 
with our previous results for MgB2 and AIB2. 

LiBC has been synthesized following a procedure which 
is described in detail in Ref . Q . In view of our neutron 
scattering experiments we have used isotope pure ^Li 
metal together with amorphous ^^B and graphite pow- 
ders. The mixed components were pressed into pellets 
and held in a closed Nb tube at 1500°C for 3 h. The final 
product was homogeneous and consisted of yellow shining 
crystallites with clean faces and metallic brightness. Sto- 
ichiometric LiBC has been shown to be semiconducting 
and to belong to the space group PGs/mmc which was 
also confirmed by our own x-ray refinements. Hexago- 
nal shaped platelets with diameters of up to 200 /im and 
20 /im in thickness could be found and were chosen for 
optical measurements. All of our samples - the as pre- 
pared, the annealed and the Na doped ones - proved to 
be non-superconducting above 4K. For inelastic neutron 
measurements the microcrystalline powders were filled 
into flat pockets of 2 x 3 x 0.3 cm^ made from Al-foil. 
Measurements were performed at 300 K on the time-of- 
flight spectrometers IN6 (incoming energy 4.7 meV) and 
IN4 (incoming energy 39.4 meV) at the HFR in Greno- 



ble (France) in the upscattering mode. A generalized 
phonon density of states (GDOS) was obtained from the 
sum of scattering spectra recorded over a large angular 
range from 10° to about 120°. The IN6 and IN4 GDOS 
conincide well above lOmeV indicating that the incoher- 
ent approximation works very well. Only small coherence 
effects are observed in the IN6 data below lOmeV due 
to the fact that the Q-space is less extensively sampled 
with the longer wavelength neutrons at these small en- 
ergy transfers. Multi- phonon contributions were removed 
via a self-consistant calculation procedure. 

The factor group analysis yields 2A2„ +2Big -f B2„ -I- 
2Ei„ -|- 2E2g -l- E„ zone center optic modes where only 
the 2E2g modes are Raman (R) active. The latter modes 
should be observable for all configurations with polar- 
ization vectors of the incoming and the reflected light 
within the hexagonal plane. Zero intensity is expected if 
one of these vectors is parallel to the crystallographic c 
axis. The spectra shown in Fig. 1 prove that this is essen- 
tially the case. In particular we do not observe additional 
strong and sharp lines at 546 cm~^ and 830 cm~^ which 
have been reported by other authors j^] and which have 
been taken as a reason to propose the lower symmet- 
ric space group P3ml for LiBC. These authors conclude 
on a particular "puckering" of hexagonal B-C planes. We 
have never observed these lines although we have noticed 
that the background spectrum may depend on details of 
the sample preparation. A high Li vapor pressure at 
the synthesis temperature around 1500°C and possible 
small leaks in the container may cause problems in sam- 
ple preparation. However, a broader contribution around 
1270 cm~^ is also observed in our polarized spectra. It 
is not allowed as a one phonon contribution. Its inten- 
sity when compared to the allowed line at 1168cm^^ is 
sample dependent and gets weaker on cooling. It is at- 
tributed to second order scattering or to structural de- 
fects although its origin is not fully understood. 

The important hole doping of B 2p — a bands in MgB2 
is caused by the relative shift of tt and a bands in this 
particular compound. This does not occur for LiBC. 
However, there are speculations that a doping could be 
achieved by Li deficiency. We have annealed samples at 
800°C, 1000°C and 1200°C for > 3h in dynamic vacuum 
in order to reduce the Li content. Structural changes 
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FIG. 1: Observed Raman signals from a LiBC single crys- 
tal in backscattering configuration, a; scattering from the 
hexagonal plane, the small contribution near 1240 cm~^ in 
the polarized spectrum is not allowed for PGa/mmc symme- 
try. Results for the treated materials are shown by inserts: 
open circles - as prepared, triangles - annealed at 1000° C, 
crosses - Lio.g5Nao.05BC, b: scattering from an ac-plane: the 
lettering above the spectra marks the polarization vectors of 
the incoming and outgoing light. In agreement to the se- 
lection rules strong Raman signals are only observed if both 
polarization vectors are contained within the hexagonal plane. 
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FIG. 2: Experimental generalized phonon density of states 
for as prepared LiBC, superconducting MgB2 and non- 
superconducting AIB2 (the latter two spectra are results from 
preceding measurements Q under the same conditions). A 
pronounced down-shift and broadening of the high energy 
peak visible for MgB2 is absent for LiBC. LiBC resembles 
much more AIB2. Lower frame: Theoretical results for sto- 
ichiometric LiBC proving the high quality of calculations 
based on density functional theory. Results for the partial 
DOS are helpful for a more detailed interpretation of the ex- 
perimental spectrum. 



within the Li sheets which provide a couphng between 
neighboring B-C planes are expected to show up in the 
sliding frequency at 171 cm~^ (see Tab. 1). However, lit- 
tle changes are observed in the R-spectra up to annealing 
temperatures of about 800°C when Li starts to evaporate. 
For the sample which was annealed at 1000 K we observe 
a small but significant downshift of the sliding frequency 
indicating a possible decrease in the Li concentration. 
A somewhat larger shift was observed for a sample of 
nominal Lio.95Nao.05BC. For the B-C stretching mode at 
1167cm~-'^ we register a still smaller relative shift which 
let us conclude that the obtained changes in the electronic 
system are negligible. These results were reproducible on 
different crystallites and are shown in detail by the inserts 
in Fig. 1. Thus neither the proposed dramatic softening 
nor any significant line broadening as observed for MgB2 
occur. In view of the high frequency of the Fi2g in-plane 
mode LiBC resembles much more the compound AIB2. 
Indications of sample disintegration, i.e. a decrease in 
intensity of the two F,2g lines and broader contributions 



at energies > 1200 cm"-'^, are observed for samples with 
annealing temperatures >1370K. Since samples which 
already start to show signatures of disintegration in the 
R-spectrum still exhibit the correct a;-ray structure it is 
concluded that disintegration starts on the surface of the 
crystallites. 

Augmenting results are obtained by inelastic neutron 
scattering which can access all excitations in the entire 
zone and which investigates the whole volume of the 
crystallites. In Fig. 2 we show the generalized phonon 
density-of-states measured at 300 K. The spectrum con- 
sists of three main peaks. Hard B and C in-plane and 
out-of-plane modes are grouped around 150 meV and 
100 mcV respectively. Modes where neighboring B-C 
sheets slide against each other as well as vibrations of 
the weaker bond Li-ions contribute to the lowest peak 
around 50meV. Fig. 1 shows that the upper two peaks 
in LiBC group around the corresponding line of AIB2 
which reflects the doubling of the unit cell in c direction 
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. A shoulder around 160 meV agrees well to the "for- 
bidden" line at 1270 cm^-'^ in the R-spectrum. A clear 
result is that the significant down-shift and broadening 
of the high energy peak of MgB2 does not occur for our 
sample of as prepared LiBC. Therefore, the spectrum of 
undoped LiBC resembles much more the GDOS of AIB2. 
The exceptional behaviour of MgB2 is besides structural 
differences the result of strong electron-phonon coupling 
for the mode (1167 cm~^ for LiBC). Here, both ex- 
periments agree that nothing comparable exists for the 
as prepared sample of LiBC. A hybridization of Li modes 
with the underlying B(C) partial DOS is however also 
registered in the GDOS spectra of LiBC. 

A crucial question is, whether it is possible to obtain 
a sufficiently strong doping of LiBC by Li evaporation. 
In Ref.[3 the authors were confident that this could be 
achieved. For superconductivity it would be important 
to obtain a homogeneous doping of the entire material 
without damage of the main structure. This however 
could not be observed in our R-spectra which investigate 
the surface of the crystallites. With INS we can see the 
whole volume. In Fig. 3 we show GDOS spectra which 
have been obtained for samples with different annealing 
temperatures. It can be seen clearly that no shift in the 
peak positions occurs. Up to « 1120 K the sample seems 
stable. Annealing at still higher temperatures damages 
the whole sample. The initially sharp peaks start to dis- 
appear remarkably without any significant shifts in their 
position. A humb around 20 meV rises up and signal- 
izes the formation of amorphous material. This spectral 
change is still more pronounced in the original time-of- 
flight spectra. It is a clear result of our measurements 
that not enough of the Li ions sandwiched between the 
hexagonal B,C-planes can be removed in order to cause 
the desired changes in the electronic system. Dramatic 
changes due to an unusually strong electron-phonon cou- 
pling even more pronounced than those found for MgB2 
otherwise should have been observed. 

A detailed analysis of our experimental data has been 
performed by calculations based on density functional 
theory. This technique provides an accurate and pa- 
rameter free analysis of the electronic structure and 
the bonding properties. Our calculations which corre- 
spond to those performed for other diborides 0, 0] are 
based on a perturbational approach using the mixed 
basis pseudopotential method and provide information 
on the phonon frequencies and electron-phonon coupling 
within the whole BZ. Pseudopotentials for Li and C [Tj 
were constructed according to Hamann-Schliiter-Chiang 
whereas for B a Vanderbilt-type potential was chosen. 
Our calculations apply to stoichiometric LiBC and the 
structure P63/mmc which assumes a regular stacking of 
hexagonal B-C planes and sheets of Li ions sitting on the 
corner of trigonal prisms. It can be seen from Fig. 2 that 
a very high level of correspondence to the experimental 
GDOS is reached. All distinct maxima correspond to 
similar features in the experimental spectrum. The very 
high frequency shoulder at 160 meV is not part of the cal- 
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FIG. 3: Measured GDOS spectra for LiBC samples which 
were annealed for 3h in dynamic vacuum at the indicated 
temperatures in order to obtain a hole doping of B-C lay- 
ers due to Li deficiency. Changes in the electronic system 
are believed to manifest in distinct peak shifts which are not 
observed even if the sample starts to disintegrate. 



TABLE I: Calculated F point frequencies in meV (cm ^) 



sym 




elongations 




21.8 


E2g, B-C planes slide against each other 


(R) 


(176) 


Li at rest 


E2u 


37.3 
(301) 


Li layers slide against each other 


Big 


39.5 


symmetric vibration of B-C layers 




(319) 


along c 


Elu 


43.9 (T) 


Li layers slide against B-C layers 


(IR) 


(354) 
47.4 (L) 
(382) 




A2„ 


56.7 (T) 


Li layers vibrate against B-C layers 


(IR) 


(457) 
69.9 (L) 

(563) 


along c 


B2u 


67.9 


Li layers vibrate against each other 




(548) 


along c 




101.5 (T) 


B and C layers move against each other 


(IR) 


(819) 
104.2 (L) 

(840) 


along c, Li not at rest 


Big 


104.5 


symmetric vibration of B-C layers 




(843) 


along c, Li at rest 


Eiii 


140.9 (T) 


B-C bond stretching mode odd 


(IR) 


(1136) 
152.7 (L) 
(1231) 


displacement of B-C layers 


E2g 
(R) 


142.0 


B-C bond stretching mode even 


(1145) 


displacement of B-C layers in phase 



culated spectrum which suggests an interpretation as a 
defect induced contribution. Furthermore it can be seen 
from the partial DOS that the Li modes overlap with 
B and C vibrations. Thus a scenario similar to MgB2 
seems possible for samples with sufficiently high doping. 
A significant feature of a very strong electron-phonon 
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coupling in MgB2 was the drop of the in-plane mode 
at r well below the Big out-of-plane mode. In Tab. 1 we 
have listed all calculated F-point frequencies ordered ac- 
cording to increasing energies. For the IR-active modes 
the LO (L) and TO (T) splitting has been calculated. A 
good correspondence to the measured R-lines is regis- 
tered. Again with respect to the position of the Fi2g and 
Big modes it can be seen that stoichiometric LiBC is far 
away from the favourable situation found in MgB2. 

In conclusion, it is a success that larger single crys- 
talline specimens of LiBC with the shape of beautiful 
hexagonal prisms can be prepared. We register that the 
R-selection rules are fully obeyed for our samples. A 
small humb near 1270 cm^^ in the (x,x)-spectrum prob- 
ably originates from disorder. There is no a;-ray evidence 
of any second phase in the investigated single crystals. 



Any significant doping by an evaporation of Li in dy- 
namic vacuum was not possible for the investigated sin- 
gle crystals although very small frequency shifts occur 
for the sliding mode at 171 cm~^. It is also a clear result 
that in our preparation crystallites with a "puckering" of 
the hexagonal B-C planes were not obtained. 

The generalized phonon density of states (GDOS) has 
been measured by INS and proves the very high quality of 
first principals calculations. The experimental spectrum 
of the undoped compound resembles much more that of 
AIB2 than MgB2, i.e. signatures of any stronger electron- 
phonon coupling arc fully absent for LiBC. 

The preparation of doped LiBC crystals still remains 
a challenge for sample preparation. Simple annealing in 
dynamic vacuum however will cause a disintegration of 
LiBC crystals as demonstrated in these investigations. 
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